We have identified a protein motif, related to the zinc ringer, which dermes a newly discovered family of proteins. The motif was found in the sequence of the human RINGI gene, which is proximal to the major histocompatibility complex region on chromosome six. We propose naming this motif the "RING ringer" and it is found in 27 proteins, all of which have putative DNA binding functions. We have synthesized a peptide corresponding to the RING1 motif and examined a number ofproperties, including metal and DNA binding. We provide evidence to support the suggestion that the RING finger motif is the DNA binding domain of this newly defined family of proteins.
Protein-DNA interactions are involved in many of the fundamental processes that occur inside cells, including transcription, replication, recombination, and restriction. To meet such a large number of functional requirements, a number of protein sequence and/or structural motifs have evolved that allow both specific and nonspecific DNA interaction (1, 2) . Among these motifs are zinc fingers, which are autonomously folding domains that require zinc for folding and DNA binding activity (3, 4) .
The classic zinc finger motif is characterized by two conserved cysteines and histidines, which bind tetrahedrally to a zinc atom thereby stabilizing the secondary structure comprising an antiparallel two-stranded S-sheet and an a-helix (5, 6) . The N-terminal end of the a-helix is responsible for making DNA sequence-specific interactions, with each finger recognizing 3 bp (7) as suggested previously (8) . A second class of zinc finger has been described in the steroid/nuclear receptor family of proteins, which differs from the classic zinc finger in that the motif binds two zinc atoms to form a single folded domain with four cysteine ligands for each zinc (for review, see ref. 9 ). The mode of DNA interaction of this motif differs from that of the classic zinc finger in that the receptor binds as a dimer to a palindromic DNA sequence (10) . However, sequence-specific DNA interactions are achieved by placing an a-helix in each of the major grooves ofthe DNA site (10) . Recently, a third class of zinc finger fold has been described in the GAL4 DNA binding domain (11) (12) (13) . GAL4 binds two zinc atoms through six cysteines, with the metals sharing two of the ligands (14) . GAL4 also uses an a-helix in the major groove for sequence-specific DNA binding (11) , which appears to be a common feature of the three zinc-mediated folds characterized to date.
Previously, we have reported the identity of a cysteine-rich motif found in the sequence of the RING] gene that is related to the zinc finger (15) . Here, we report the full sequence of the human RING] gene and define further this motif, which we propose to call the "RING finger." We extend the family of proteins containing the motif and characterize a synthetic peptide corresponding to the motif from RING1 in terms of zinc and DNA binding.tt MATERIALS AND METHODS DNA Sequencing. Sequencing reactions were performed by the primed synthesis chain-termination method using the Sequenase 2.0 enzyme (United States Biochemical) directly from plasmid DNA. The sequence was obtained from the double-stranded cDNA and genomic subclone (first 90 bp), with primers specific to the vectors and inserts.
Cells. All The peptide was preincubated with the nonspecific competitor poly(dIdC) for 10 min at room temperature before the addition of labeled DNA and a further 50-min incubation. As a control, 200 pg of the labeled DNA was incubated as described above but without the peptide. The binding reactions were then run on 0.5 x TBE ( x TBE = 90 mM Tris/64.6 mM boric acid/2.5 mM EDTA, pH 8.3)/10% polyacrylamide gels at 8 mA. The gels were dried and autoradiographed for differing times on Kodak XAR-5 film at room temperature.
RESULTS AND DISCUSSION
The RING1 Motif. The RING) gene was identified in association with a CpG island at the centromeric end of the human major histocompatibility complex on chromosome 6p21.3 and maps 95 kb proximal to the HLA-DPB2 gene (24) . The predicted amino acid sequence of RING1 (377 amino acids; Fig. 1A ) shows a glycine-rich region (27%) in the C-terminal two-thirds and a cysteine-rich domain (residues found near the N terminus. A putative nuclear localization signal (KRPR) is also found associated with the N-terminal cysteine-rich domain (25) . Northern blot analysis of the RING1 mRNA (Fig. 1B) shows that the gene is expressed at similar levels in a variety of cell lines as a 1.6-kb transcript, which correlates well with the predicted cDNA sequence without a poly(A)+ tail. Initial protein sequence ggc tgc tgt ttc taa aac ccc ttt ccc tct aac cca cac cac ctt tct act cac tga tgc ctt cag gaa gcc ata atg gat ggc aca M D G T gag ATT GCT GTT TCC CCT CGG TCA CTG CAT TCA GAA GTC ATG TGC CCT ATC TOG CTG GAC ATG GTG AAG AAT ACG ATG ACC ACC AAG
00A GAA 000 GAT GGA GAA OAT GTG AOG TCA GAC TC CGC CGCT GAC TCT GG: CCA GGC CCTI OCT CCG AAG CGA CCC (CO'T CGA 000 GGC
GCA 000 0G0 AGC AGT GTA GG0 ACG G00 GGA GOC GGC ACT GGT GGG GTC GGT GGG GOT 0CC GGT TCG GAA GAC TCT GOT GAG COG 00A
GAO CTG 0TG AAT GAG AAA TIC TGG AAG GOT TCC CGG CGA CTG GAG CTC, TOC TAT GCT CCC ACC AAC GAT CGA AAG TOSA CC CAC 1GO searches using the N-terminal 139 residues identified sequences that contained a conserved cysteine-rich domain (15) . Subsequent searches combined with a review of recent sequences identified 27 proteins that contained the motif (Fig.  2) . The extended motif, which we propose to name the RING finger, can now be summarized as Cys'-Xaa-hydrophobic aa-Cys2-Xaa9-27-Cys3-Xaal-3-His-Xaa-hydrophobic aa-Cys4-Xaa2-Cys5-hydrophobic aa-Xaa5.47-Cys6-Xaa2-Cys7.
The Cys and His residues are absolutely conserved in all of the RING finger family (Fig. 2) . Further conservation of sequence is observed one residue before Cys2, Cys3, Cys4, and Cys7 and one residue after Cys5, Cys6, and Cys7. These amino acids are generally hydrophobic, with notable preferences for Phe before Cys4 and for Pro after Cys6. All of the conserved residues may be important in secondary and tertiary structure interactions and in positioning and orienting the metal binding ligands. Four members of the family show insertions of generally small amino acids between Cys3 and the central His residue (Fig. 2) . The average length ofthe first "loop" (11±laa) excluding the two Baculovirus sequences (CG30 and PE38) is similar to that of the second loop (10±3aa) excluding the T18 sequence. Thus, the motif could be reviewed as partially symmetric, which is a common structural arrangement for many protein-DNA binding motifs. However, greater variation in length and sequence conservation is observed within the second loop. Interestingly, the RING finger motif generally occurs near the N termini of member proteins.
Similarity of the RING Finger to Other Zinc Finger-like
Motifs. A comparison of the RING finger with the consensus zinc finger motif shows that the first part of both motifsnamely, XaarCys1-Xaa2-Cys2-Xaall_1-Cys3-are similar. A number of hydrophobic residues are conserved between both motifs (Fig. 2) , and the lengths of the loop regions are also similar (12aa for a consensus zinc finger). However, the RING finger cannot be viewed simply as a motif of two tandemly linked zinc fingers, as the central linking region between both fingers would be too small and is probably involved in zinc binding. The RING finger motifis also similar to the two-metal binding motif ofglucocorticoid and estrogen receptor proteins (9) . Although the spacing ofthe metal ligands is different, there are common features to both motifs, including the different sizes of the two loops and the requirement for two zinc atoms to form a single folded domain.
The most similar motif to the RING finger consensus sequence is the LIM domain (26) . The domain is found in a number of homeodomain-containing proteins from Caenorhabditis elegans as well as in rat insulin I gene enhancer binding protein (27) . Although the LIM and RING motifs appear similar in terms of cysteine spacings, there is no sequence homology between both consensus sequences. Interestingly, the LIM motif has recently been shown to bind both iron and zinc (28) (37) . BMI-1 acts as a cooperating oncogene with MYC in the acceleration of pre-B-cell lymphomagenesis and the expressed protein is predominantly localized to the nucleus (35, 36) . Mel18 protein is also localized to the nucleus and has been shown to bind to DNA-cellulose (34) . Rpt-1 (mouse; ref. 38 (52) , and CBL (53) are known human oncogenes. RAD16 (yeast) has homology with proteins known to be involved in chromatin structure and possesses a helicase domain motif (64) . The functions of the RING] (human) and PML (human; refs. 54-57) genes are as yet unknown. Interestingly, PML is disrupted and fused to the retinoic acid receptor a gene in patients with acute promyelocytic leukemia (e.g., see ref. 56) . One unusual member of the family is peroxisome assembly factor (PAF-1), which has been shown to promote the biogenesis ofperoxisomes (58) . The presence ofthe RING finger domain in PAF-1 could suggest that PAF-1 functions via DNA interaction, although it does not exclude the possibility that the PAF-1 RING finger has alternative properties.
To investigate the functional properties of the RING finger motif, we have synthesized and purified a 55-amino acid peptide (residues synthetic peptide were confirmed by mass spectrometry and solid-phase peptide sequencing. We then examined a range of structural and functional properties of the peptide.
Metal Binding to the RING1 Finger. Divalent metal binding properties of peptides and proteins can be determined by studying the optical absorption spectra of specific cobaltpeptide/protein complexes (21, (59) (60) (61) . The RING1 peptidecobalt complex exhibits absorption maxima at A = 307 and 340-350 nm (Fig. 3A) , which correspond to the S-Co(II) charge transfer bands and indicate that the cysteines are involved in metal binding. Several maxima are also observed at A = 605, 655, and 690 nm, which correspond to the Co(II) d-d transitions and are consistent with tetrahedral coordination of the cobalt by cysteine ligands. No spectral change was observed during the cobalt titration. From direct titrations with low peptide concentrations, the molar ratio of cobalt to peptide at saturated binding is estimated as 1.8:1, which is in general agreement with the predicted ratio of 2:1, as determined from the number of potential metal ligands. Cobalt binding to the RING1 peptide is tighter than previously observed for classical zinc finger peptides (Kd 1 ,uM; ref.
60), with a measured dissociation constant of 10 (±6) nM.
The preferential binding to the peptide of zinc over cobalt is also shown in Fig. 3A . Increasing concentrations of zinc diminish the intensities of the characteristic cobalt transitions, even in 10-fold molar excess of cobalt over zinc. The same experiment was carried out using iron, copper, manganese, magnesium, and cadmium as the competitor metal to cobalt (data not shown). No binding was observed for iron, manganese, and magnesium. Some binding was observed for copper but the binding was less tight than that for zinc. However, cadmium bound as tightly as zinc, which has also been observed for GAL4 (62 await a detailed NMR analysis, although we have no evidence to suggest that the observed aggregation/precipitation is caused by oligomerization.
CD studies of the reduced RING1 peptide in the absence of zinc also show the peptide to be structured with =20o a-helix and =20% p-sheet (Fig. 3B) . The addition of zinc causes a small but reproducible increase in ellipticity (Fig.  3B) , consistent with a slight increase (c5%) in a-helix content. This suggests a possible structural rearrangement upon zinc binding and could indicate a zinc-induced stabilization of secondary structure. Our preliminary structural observations ofthe RING1 peptide therefore suggest that the RING1 finger has significant secondary structure in the absence of zinc, as shown directly by NMR measurements, and that zinc binding promotes a small conformational change.
DNA Binding of the RING1 Finger. The DNA binding properties of the reduced RING1 peptide were analyzed by gel mobility-shift assays using a 76-bp oligonucleotide containing a central 26-bp randomized sequence (23) (Fig. 4) . The RING1 peptide retards the migration of the oligonucleotide and forms one major discrete band in the presence of excess zinc (Fig. 4A, lane 2) . A number of fainter lower molecular weight bands are also observed, which could represent complexes with different ratios of peptide to DNA. Some labeled DNA remains in the wells, which we attribute to nonspecific aggregation. The retardation also appears to be zinc dependent, as adding high concentrations of EDTA or DTT diminishes the formation of the specific band (lanes 4-8). However, boiling and cooling the RING1 peptide-DNA complex does not affect binding (lane 3), suggesting that the "competent" peptide can refold into an active species. Titration of the nonspecific competitor poly(dI-dC) against the specific RING1 peptide-DNA complex shows inhibition of DNA retardation at a 1000-fold weight excess of competitor to labeled DNA (Fig. 4B) . From the titration, we measure the association constant ofthe RING1 peptide for poly(dIdC) to be in the micromolar range, which suggests that binding of the peptide to poly(dI-dC) is nonspecific. However, it is clear that the RING1 peptide binds to a subset ofrandomized DNA sequences at least 10-fold more tightly than to poly(dIdC), as binding is unaffected in excess competitor (lanes 2 and 3) . Although a 100-fold molar excess of peptide to DNA was used in the DNA binding reactions, we observed significant peptide precipitation in the peptide-DNA reaction mixture prior to loading the gel. We plex formation is zinc dependent and that the complex is unaffected by boiling. These results, however, do not provide direct evidence for specific RING1 finger-DNA interaction and furthermore do not exclude the possibility that the RINGi finger binds to RNA preferentially.
In conclusion, spectroscopic studies show that the RING1 peptide is structured and binds zinc tightly with tetrahedral coordination and that cysteines are involved in metal liganding. Preliminary gel-retardation studies provide evidence for zinc-dependent DNA binding by the RINGl peptide. These results support the proposal that the RING1 finger motif is a zinc-dependent DNA binding domain found in this newly defined family of proteins. 
